Proteins responsible for basal and stimulated endocytosis in nerves containing small clear synaptic vesicles (SCSVs) or large dense-core vesicles (LDCVs) are revealed herein, using probes that exploit surface-exposed vesicle proteins as acceptors for internalization. Basal uptake of botulinum neurotoxins (BoNTs) by both SCSV-releasing cerebellar granule neurons (CGNs) and LDCV-enriched trigeminal ganglionic neurons (TGNs) was found to require protein acceptors and acidic compartments. In addition, dynamin, clathrin, adaptor protein complex-2 (AP2), and amphiphysin contribute to the depolarization-evoked entry. For fast recycling of SCSVs, knockdown and knockout strategies demonstrated that CGNs use predominantly dynamin 1, whereas isoform 2 and, to a smaller extent, isoform 3 support a less rapid mode of stimulated endocytosis. Accordingly, proximity ligation assay confirmed that dynamin 1 and 2 colocalize with amphiphysin 1 in CGNs, and the latter copurified with both dynamins from cell extracts. In contrast, LDCVreleasing TGNs preferentially employ dynamins 2 and 3 and amphiphysin 1 for evoked endocytosis and lack the fast phase. Hence, stimulation recruits dynamin, clathrin, AP2, and amphiphysin to augment BoNT internalization, and neurons match endocytosis mediators to the different demands for locally recycling SCSVs or replenishing distally synthesized LDCVs.-Meng, J., Wang, J., Lawrence, G. W., Dolly, J. O. Molecular components required for resting and stimulated endocytosis of botulinum neurotoxins by glutamatergic and peptidergic neurons. FASEB J. 27, 3167-3180 (2013). www.fasebj.org
There is a great need to decipher the uptake processes in different types of neurons for the 7 serotypes of botulinum neurotoxin (BoNT) due to these being the most potent poison known, causing life-threatening botulism by intracellularly inhibiting transmitter release (reviewed in refs. 1, 2). Furthermore, clinical use of innocuous, tiny amounts of the toxin for treating neuronal disorders has kindled interest in the molecular machinery responsible for their trafficking. Type A BoNT (BoNT/A) has proved successful in alleviating the symptoms of Ͼ100 conditions arising from nerve overactivity, e.g., dystonias, spasticity, autonomic hypersecretory disorders, and overactive bladder (reviewed in ref. 3) . Also, it can reduce the frequency of chronic migraine and chronic daily headaches (4), although not all types of chronic pain are responsive (5) .
BoNTs consist of a proteolytic light chain linked via a disulfide and noncovalent bonds to a heavy chain (HC). These neurotoxic proteins bind to intravesicular regions of synaptic vesicle protein 2 (SV2; BoNT/A, /D, /E, and /F) or synaptotagmin (BoNT/B and /G) that become exposed on exocytosis and, thereby, enter neurons by exploiting the recycling of small clear synaptic vesicles (SCSVs; refs. 6 -15) . Hence, BoNT uptake is accelerated by nerve stimulation (16 -18) . In comparison, little is known regarding the mode of BoNT entry into nerves that mainly secrete neuropeptides from large dense-core vesicles (LDCVs), such as sensory fibers. Study of the toxins' entry into different neuron types is warranted due to the prospect of yielding insights into differences and commonalities between the processes employed to recycle SCSVs and replenish LDCVs. For example, SCSVs are mostly regenerated and refilled with transmitters close to their release sites, while LDCV membrane components pass through endosomal compartments and the Golgi complex before reutilization (19) . On endocytosis, BoNTs translocate their enzymatic moiety from acidic compartments into the cytosol (20) , where they cleave soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs). Removal of 9 and 26 C-terminal residues from synaptosomal-associated protein of molecular mass of ϳ25 kDa (SNAP- 25) by BoNT type A and E, respectively, inactivates its functioning in SNARE-mediated exocytosis; conveniently, this provides a sensitive measure of the toxins' entry. On the other hand, BoNT/B, /D, /F, and /G cleave vesicle-associated membrane protein (VAMP; reviewed in ref. 3) .
Recycling of SCSVs requires dynamin, clathrin [plus its adaptor protein complex (AP)], and amphiphysin (Amph; ref. 21) . Dynamins are a family of large GTPases (molecular mass ϳ100 kDa), encoded by 3 genes showing ϳ79% amino acid sequence identity, which play critical roles in the scission of invaginated vesicles (21) . Drug-induced inhibition of the GTPase of dynamins delays neuroparalysis by BoNT/A (22) , but, notably, the isoforms involved have not been identified. Clathrin self-assembles its heavy and light chains into triskelion structures to coat endocytotic vesicles. This entails its recruitment to membranes by binding to AP2, which clusters receptors and their ligands into clathrin-coated pits (CCPs; refs. [23] [24] [25] . Clathrin participates in dynamin-mediated basal uptake of the BoNT/A C-terminal moiety of HC into neuroblastomaglioma hybrid cells and, to a lesser extent, intestinal cells (26) . The question remains as to whether the internalization of full-length BoNT shares these requirements in primary neurons. Amph 1 and 2 are homologous (ϳ49%) proteins that generate membrane curvature and recruit dynamins to the neck of CCPs before the formation of coated invaginations and eventual scission (27, 28) . Amphs are enriched at nerve terminals on SCSVs as well as in the cytosol. They form homo-and heterodimers and, like dynamins, are dephosphorylated in response to increases in intracellular [Ca 2ϩ ] (28) . To gain insights into the distinct cellular and molecular aspects of endocytosis in neurons, especially on the isoforms of dynamin and Amph utilized in the membrane recycling that is exploited by BoNTs, their uptake was investigated using cerebellar granule neurons (CGNs, which mainly release glutamate from SCSVs) and trigeminal ganglionic neurons (TGNs, known to largely store and secrete neuropeptides from LDCVs). The latter are of particular interest, as inhibition of their release has been implicated in the attenuation by BoNT/A of some forms of chronic pain (reviewed in ref. 3) . Knockdown (KD) and knockout (KO) strategies were used in combination with selective inhibitors to ascertain the involvement of the aforementioned proteins in basal or K ϩ -stimulated uptake of BoNT. CGNs and TGNs were found to internalize BoNT/A and a chimera of BoNT/E and /A (EA) via a slow process in resting neurons that does not involve dynamin but requires protein acceptors and acidified compartments, and a depolarization-induced, acceptor-dependent predominant mode that depends on vacuolar (v-type) H ϩ -ATPase (vH ϩ -ATPase) activity plus dynamin, clathrin, AP2, and Amph. This is the first direct demonstration that BoNTs enter neurons via both dynamin/clathrin/AP2-dependent and -independent endocytosis. Moreover, differential utilization of individual dynamins or Amphs was uncovered in the 2 different neuron types, related to their need for distinct trafficking routes. Dynamin 1 supports the fastest phase of synaptophysin-pHluorin (SypHluorin) endocytosis in CGNs but not the slow LDCV retrieval in TGNs, which is mediated by isoforms 2 and 3.
MATERIALS AND METHODS

Ethics statement
The experiments and maintenance and care of the rodents complied with the European Communities (Amendment of Cruelty to Animals Act 1876) Regulations 2002 and 2005. Experimental procedures have been approved by the Research Ethics Committee of Dublin City University and licensed by the Irish authorities (permit 100/3609).
Animals
Dynamin 1 heterozygous (Ht) mice were kindly provided by Pietro De Camilli (Yale University, New Haven, CT, USA) and bred in-house, and littermates were genotyped. Pups from rats (Sprague-Dawley) or mice (a mix of 129SV/J and C57Bl6) and Thy1-YFP transgenic mice (The Jackson Laboratory, Bar Harbor, ME, USA) were bred in an approved bioresource unit at Dublin City University.
Antibodies and other reagents
Rabbit affinity-purified polyclonal antibodies specific for dynamin 1, 2, or 3 were bought from Acris Antibodies (Herford, Germany); monoclonals anti-dynamin 1 or 2, anti-Amph2, anti-clathrin light chain, and Pitstop 2 and its negative control from Abcam (Cambridge, UK); rabbit Amph1 polyclonal, a monoclonal antibody to an intralumenal epitope of synaptotagmin I (Syt-ecto), and rabbit VAMP2 polyclonal from Synaptic Systems (Goettingen, Germany); Amph1 mouse monoclonal from Santa Cruz Biotechnology (Heidelberg, Germany); goat anti-rabbit Alexa-594 and -488 or goat antimouse Alexa-594 and -488 from Jackson ImmunoResearch (Hamburg, Germany); mouse TrueBlot HRP secondary antibody from eBioscience (Hatfield, UK); clathrin HC mouse monoclonal (clone TD.1), IgG fraction of rabbit antiserum against AP2␣2, affinity-isolated rabbit anti-␤-tubulin III, monoclonal for syntaxin 1, dynasore, protein A agarose, and short-hairpin (sh)RNA lentiviral transduction particles, and nontargeted PLK0.1-puro control transduction particles from Sigma (Arklow, Ireland); bafilomycin A1 (Baf A1) from LC Laboratories (Woburn, MA, USA); protease inhibitor cocktail from Calbiochem (Nottingham, UK); Duolink proximity ligation assay (PLA) reagents (red fluorescence detection) from Olink Bioscience (Uppsala, Sweden); and microdishes from Ibidi (Martinsried, Germany). Nicked chimera EA and BoNT/A were prepared recombinantly and characterized as described previously (29, 30) .
Construction, expression, and purification of recombinant BoNT/B wild-type (WT) and its mutant
Experimentation on recombinant BoNTs has been approved by the Environmental Protection Agency of Ireland and performed under containment level 2. The synthetic gene encoding BoNT/B was cloned into a modified pET29a vector that contains a thrombin cleavage site for removal of the C-terminal His 6 tag (31) . Subsequently, extra nucleotides were also added into the loop region to encode a thrombin consensus site for nicking (31) . To abolish the interaction of BoNT/B with its protein acceptor, nucleotides encoding Ala at position 1196 were mutated to those encoding Lys by site direct mutagenesis to yield a construct encoding mutant BoNT/B (MT; A1196K; ref. 13) . BoNT/B and MT were expressed in BL21.DE3 strain and purified by immobilized metal affinity chromatography (29) . After being nicked with thrombin (1 U/mg of BoNT for 1 h at 22°C), phenylmethylsulfonyl fluoride was added to a final concentration of 1 mM to stop the protease action.
Culturing of primary neurons, transfection, and treatment with inhibitors of endocytosis
CGNs and TGNs were isolated from rats or mice and cultured as before (29, 32) . Rat CGNs were incubated with 80 M of dynasore (in 0.8% DMSO) for 1 h before exposure to 0.5 nM chimera EA or BoNT/A or 10 nM BoNT/B under basal or K ϩ stimulation condition, in the continued presence of dynasore for 5 min; this was followed by 3 washes and incubation in basal medium (plain DMEM) containing dynasore for the times indicated before being harvested for detection of SNAP-25 or VAMP2 cleavage. In certain experiments, Baf A1 (100 nM) was applied to the cells 1 h before and during measurement of toxin internalization. To impair clathrin function, Pitstop 2 or its negative control (which has a closely related structure) was added for 5 min to the cultured neurons before their exposure to EA in the presence of Pitstop 2 or negative control and all the steps (thereafter) before assaying uptake.
Assay of the endocytosis of BoNTs
Quantitation of the uptake of BoNT/A, chimera EA, or BoNT/B into neurons was based on their cleavage intracellularly of SNAP-25 or VAMP2. As CGNs are more sensitive to BoNTs than TGNs, 0.5 nM EA or BoNT/A (for CGNs, 5 min) or 10 nM of either toxin (for TGNs, 10 min) was applied at 37°C in K ϩ stimulation buffer (mM: 20 HEPES, 55 NaCl, 70 KCl, 2 MgCl 2 , 1.3 CaCl 2 , and 5 glucose) for CGNs and for TGNs (mM: 22.5 HEPES, 78.5 NaCl, 60 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 3.3 glucose, and 0.1% BSA, pH 7.4), or basal (3.5 mM K ϩ ) buffer with appropriate adjustments of NaCl (29, 32) . Ca 2ϩ -independent internalization of EA was determined using the same buffers except omitting Ca 2ϩ and including 3 mM EGTA. After uptake of BoNTs, cells were washed 3 times with basal buffer, followed by incubation in basal fresh medium for the times indicated before being quantified SNAP-25 cleavage by SDS-PAGE and Western blotting (30) . For EA and BoNT/A, the percentage of cleaved SNAP-25 was calculated relative to the total (i.e., cleaved and uncleaved); in the case of BoNT/B, VAMP2 cleavage was normalized according to a loading control (SNAP-25) before analysis relative to the untreated control cells.
KD of dynamins, clathrin, AP2␣2, or Amph1 with shRNAs
At 7 d in culture, CGNs or TGNs from mice were incubated in medium containing shRNA lentiviral particles that specifically target dynamin 1, 2, or 3, HC of clathrin, AP22, or Amph1, or nontargeted PLK0.1-puro control particles (400 transducing units/well), and cultured as above. After 7-10 d, chimera EA was applied as specified earlier in K ϩ -depolarization buffer, washed with basal buffer, and incubated in fresh basal medium for 30 min (a time at which no cleavage of SNAP-25 was observed under resting conditions) before Western blot analysis of protein KD and SNAP-25 proteolysis. The specific KD of each isoform of dynamin without off-target effects was also established by Western blotting the treated samples, using the other 2 isoform-specific antibodies. KD of each protein (%) was calculated relative to nontreated control. SNAP-25 cleavage (% total, i.e., cleaved and uncleaved) was determined as above. For calculating the percentage inhibition of the cleavage after KD, SNAP-25 cleavage for shRNA-treated neurons was subtracted from the value obtained for control cells; the resultant number was expressed relative to that of the control.
Targeted genes/protein IDs and validated sequences for shRNA lentiviral transduction particles were as follows: NM_007459, AP2␣2: CCGGGTGAACTGATCCGGTTGAT-TACTCGAGTAATCAACCGGATCAGTTCACTTTTTG; NM_001003908, clathrin HC: CCGGCTGAACAAATACGAGTC-CTTACTCGAGTAAGGACTCGTATTTGTTCAGTTTTTG; NM_010065, dynamin 1: CCGGCCTGCGACATTCTATA-AATATCTCGAGATATTTATAGAATGTCGCAGGTTTTTG; NM_007871, dynamin 2: CCGGGCCCGCATCAATCG-TATCTTTCTCGAGAAAGATACGATTGATGCGGGCTTTTTG; NM_172646, dynamin 3: CCGGCCCACTATAATCCGTCCAC-TACTCGAGTAGTGGACGGATTATAGTGGGTTTTTG; and NM_175007, Amph1: CCGGGCAGTCATCATTCCTGC-CTTTCTCGAGAAAGGCAGGAATGATGACTGCTTTTTG.
Competition binding assay
GST or GST-SV2C luminal domain 4 (SV2C-L4) (5 M; refs. 7, 33) was premixed with 500 pM EA in basal or K ϩ -stimulation buffer for 30 min at 4°C. The mixture was applied to CGNs for 5 min at 37°C before being washed 3 times using fresh basal medium. Cells were further incubated for the times indicated before being harvested for SNAP-25 cleavage assay.
Monitoring membrane trafficking and cytochemical staining
TGNs on coverslips were incubated for 10 min at 37°C in 0.5 ml of K ϩ -stimulation buffer with or without Syt-ecto (1:100) before being washed and fixed. For immunostaining dynamin isoforms and/or Amph1, samples were washed, fixed, permeabilized, and blocked as before (32) . Primary antibodies were applied in the blocking solution for 1 h at room temperature; after washing, fluorescent secondary antibodies were added for 1 h. To quantify the extent of colocalization, images were converted to 16-bit grayscale and analyzed by Pearson's correlation coefficient, using ImageJ 1.37a (U.S. National Institutes of Health, Bethesda, MD, USA). For live-cell imaging, the cells on microdishes were transfected with SypHluorin and cultured for 7 d, treated with or without dynasore (80 M) for 1 h before being imaged with a Zeiss LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany). Data analysis was carried out with ZEN software (Universal Imaging, Göttingen, Germany), using the time-lapse mode; changes in intensity of the fluorescent spots in regions of interest, i.e., active boutons, were calculated by subtracting the average signal before stimulation (F 0 ) from the higher values obtained after depolarizing the cells (F).
Coimmunoprecipitation of dynamin and Amph isoforms
Murine cultured TGNs or CGNs were incubated in K ϩ -stimulation buffer for 10 or 5 min, respectively, before centrifugation for 5 min at 170 g; cell pellets were lysed in HEPES (20 mM, pH 7.4) containing 150 mM NaCl, 1 mM MgCl, 1 mM EGTA, and 0.1% Triton X-100 supplemented with a cocktail of protease inhibitors for 30 min, followed by brief sonication. After centrifugation at 15,000 g for 10 min, the protein concentration of the supernatant was determined by Bradford's assay. Protein extracts (100 g in 100 l) were incubated with dynamin isoform-specific rabbit antibodies (10 g in 50 l), precomplexed with protein-A agarose for 1 h, before being washed 5 times with lysis buffer. Negative controls were performed using rabbit nonimmune IgG and prelabeled protein A agarose. Before and after binding, 10 l samples of input and unbound were kept for analysis of the efficiency of coimmunoprecipitation. The sealed agarosebound samples were boiled for 10 min in 50 l reducing LDS sample buffer before 50% of the eluate was subjected to SDS-PAGE and Western blotting, using mouse monoclonal antibodies specific for Amph1 or 2 and mouse TrueBlot HRP secondary antibody.
In situ PLA
Cultured CGNs and TGNs from Thy1-YFP mice were stimulated by K ϩ -depolarization for 5 min before fixation, permeabilization, blocking, and incubation with primary antibodies (monoclonals for either dynamin 1 or 2, 1:1000; and rabbit polyclonal against Amph1, 1:500). PLA was carried out according to the manufacturer's instructions. Negative controls were performed likewise, except for omitting one or other of the primary antibodies. Images were taken using the confocal microscope.
Statistical analysis
Probability values were determined with the use of Student's 2-tailed t test. Values of P Ͻ 0.05 were considered significant.
RESULTS
Basal entry of BoNTs into both glutamatergic and peptidergic neurons requires protein acceptors and acidified compartments but not dynamins
Experiments largely utilized a BoNT chimera, EA, containing the translocation and protease domains from BoNT/E but the acceptor binding moiety of BoNT/A (29) . It offers the advantages of a faster internalization and more extensive cleavage of intracellular SNAP-25 than BoNT/A; moreover, TGNs are more susceptible to EA than BoNT/E (33). BoNT/A, /B, and /E were used for comparison where appropriate. CGNs and TGNs were briefly (5 and 10 min) exposed to EA (0.5 and 10 nM, respectively) in low-K ϩ -concentration (LK) buffer with or without Ca 2ϩ , washed, and incubated in fresh medium for the times indicated (Fig. 1A,   Figure 1 . Dynamins in CGNs and TGNs do not participate in the basal uptake of BoNTs but are used for activity-dependent internalization: both processes require acidified compartments. Rat neurons were preincubated with 80 M dynasore or its vehicle before being exposed for 5 or 10 min, respectively, at 37°C in LK or HK, to 0.5 nM (CGNs) or 10 nM (TGNs) BoNT/A or EA. After being washed, the cells were incubated for the specified times before Western blotting with an antibody recognizing both intact (arrowheads) and truncated (arrows) SNAP-25. A) Representative blots. B) Baf A1 (100 nM) abolished resting and evoked internalization of EA into both cell types. C-H) Quantified SNAP-25 cleavage showed that dynasore inhibited the evoked but not resting entry of EA (C, F) and BoNT/A (D, G) into CGNs (C, D) or TGNs (F, G). Values are means Ϯ se; n Ն 3. E, H) CGNs (E) or TGNs (H) from a litter of WT or dynamin-1-KO mice were treated with 0.5 nM EA (E) or 10 nM EA (H) for 5 min (E) or 10 min (H) in LK, followed by washout and postincubation in fresh basal medium for 320 min. Expression of dynamin 1 and cleavage of SNAP-25 were analyzed by Western blotting. VAMP2 served as an internal loading control. Representative blots show that neither dynamin-1-KO CGNs nor TGNs showed reduced basal uptake of EA.
C, F).
Cleavage of SNAP-25 in both cell types, quantified by Western blotting, revealed significant timedependent basal uptake of this toxin after a lag of Ͼ40 min (Fig. 1A, C, F) . Similar findings were obtained when the CGNs and TGNs were exposed in LK to BoNT/A (0.5 and 10 nM, respectively; Fig. 1D, G) , suggesting that the same activity-independent mechanism is exploited by both EA and BoNT/A. Evidence that EA passes through an acidic compartment was obtained by pretreating each cell type with an inhibitor of vH ϩ -ATPases to block acidification of endocytotic vesicles. Inclusion of Baf A1 (100 nM) for 1 h beforehand, and throughout the experiments, abolished the resting toxin translocation (in LK) into cytosol, as reflected by an absence of SNAP-25 cleavage (Fig. 1B) . BoNT/A and /B gave the same pattern of results (not shown).
To ascertain whether dynamins are involved in the basal entry, their GTPases were inactivated with 80 M dynasore (34) by preincubation of CGNs and TGNs for 1 h (and throughout the experiments); this proved ineffective on the resting uptake of EA in either cell type (Fig. 1A, C, F) . In the case of BoNT/A, basal uptake was likewise unaffected by dynasore (Fig. 1D, G) . Similar findings were also obtained with dynasore for BoNT/E and /B on CGNs (Supplemental Fig. S1A, B) . Use of an available dynamin-1-KO mouse established that the basal entry of BoNT EA into CGNs or TGNs was unaffected (Fig. 1E, H) .
As the basal uptake of the toxins does not involve dynamins, it became important to ascertain whether this process requires protein acceptors. Preincubation of chimera EA with SV2C-L4, its acceptor, reduced the basal uptake by CGNs; this was evident from the decreased cleavage of SNAP-25 by the GST-SV2C-L4 fusion but not by GST alone (Fig. 2A) . In the case of BoNT/B, this question was addressed by preparing a mutant (MT) containing an altered single residue (A1196K) in the C-terminal region of its HC that is known to be essential for binding to the protein acceptor synaptotagmin (13) . A fixed concentration of recombinantly expressed and purified BoNT/B MT (Fig. 2B ) failed to internalize into CGNs under basal conditions, as reflected by the lack of VAMP2 cleavage, whereas the WT BoNT/B cleaved ϳ45% VAMP2 (Fig.  2C) . A similar outcome was obtained when varied concentrations of WT or MT were incubated with CGNs or TGNs (Fig. 2D, E) . Therefore, for the first time, it is established that basal uptake of BoNTs into CGNs and TGNs involves binding to protein acceptors, uptake via acidic compartments and eventual translocation to their cytosolic site of action.
Depolarization of CGNs and TGNs recruits dynamindependent endocytosis and augments BoNT uptake
Consistent with SV2 being the acceptor for BoNT/A and EA that mediates their uptake (see introduction), depolarization in the presence of Ca 2ϩ promoted their neuronal internalization. Exposure of CGNs or TGNs to (0.5 or 10 nM) EA in high-K ϩ -concentration (HK) buffer for 5 or 10 min, respectively, followed by incubation in basal medium increased the internalization of EA, as revealed by an earlier onset and more extensive cleavage of SNAP-25 than in LK or Ca 2ϩ -free solutions (Fig. 1A, C, F) . Likewise, K ϩ -depolarization of CGNs and TGNs raised the uptake of BoNT/A (Fig. 1D, G) and BoNT/E or /B in CGNs (Supplemental Fig. S1A,  B) ; the latter were not tested in TGNs because of their low activity in these neurons (32, 33) . As expected, the evoked uptake of EA and BoNT/B by CGNs was blocked by inhibiting their interaction with respective protein acceptors ( Fig. 2A, C) . Again, Baf A1 prevented the cleavage of SNAP-25 by EA (Fig. 1B) and by BoNT/A or /B (unpublished results) in the depolarized cells, confirming their trafficking through acidified compartments. Inhibition of the evoked uptake of EA and BoNT/A, /E, and /B to the basal level was seen with 80 M dynasore in CGNs (Fig. 1A, C, D and SDS-PAGE analysis of purified WT and MT (known to have greatly reduced ability to bind its protein acceptor) in the presence of 50 mM DTT followed by Coomassie staining. C) CGNs were exposed to 2 nM BoNT/B WT or MT in LK or HK for 10 min before brief washing and further incubation for 24 h, followed by Western blotting for VAMP2. SNAP-25 was used as internal loading control. Con, nontoxin-treated control. D, E) CGNs (D) or TGNs (E) were treated with BoNT/B or MT for 24 h at 37°C without stimulation before Western blotting. Intact VAMP2 remaining was calculated relative to that in nontoxin-treated control, using SNAP-25 as internal loading control. Values are means Ϯ se; n ϭ 3.
Supplemental Fig. S1A, B) (Fig. 1F, G) . Hence, depolarization-elicited internalization of BoNTs by neurons mostly containing either SCSVs or LDCVs depends on dynamins, unlike the resting uptake.
Evoked internalization of EA by neurons also involves clathrin and AP2
As dynamin can support endocytosis by either clathrindependent or -independent mechanisms (reviewed in refs. 35, 36) , it was pertinent to establish whether clathrin is required for the entry of the toxins. For this purpose, SNAP-25 cleavage was measured 30 min after toxin washout, a time when only evoked internalization was detectable (cf. Fig. 1C, F) . In CGNs, KD of clathrin HC by shRNA produced a large, proportionate decrease in the HK-induced uptake of EA, as reflected by a reduction in cleavage of SNAP-25 (Fig. 3A, B) . Accordingly, AP2 was also found to be essential. KD of AP2␣2 subunit in CGNs resulted in a severe blockade of SNAP-25 cleavage by EA (Fig. 3C, D) . As similar KD of clathrin in TGNs proved unsuccessful, a pharmacological approach was adopted to specifically block clathrin-mediated endocytosis. Inclusion of Pitstop 2 (37) together with EA during K ϩ -depolarization and the subsequent incubation in toxin-free medium yielded a significant reduction of SNAP-25 cleavage in TGNs (Fig. 3E, F) , like CGNs ( Supplemental Fig.  S1C ); this effect was specific because an inactive analog gave no such decrease. In summary, the evoked neuro-endocytosis of EA chimera involves dynamin, clathrin, and AP2.
Different dynamin isoforms are utilized in evoked endocytosis of BoNT by neurons containing mostly SCSVs or LDCVs
All dynamin isoforms contribute to the uptake of BoNT by glutamatergic CGNs but to different degrees
Western blotting with antibodies specific for each dynamin isoform revealed that CGNs express all 3 dynamins (Fig. 4A) . Involvement of individual dynamins in the stimulated internalization of BoNT was examined by selective KD of each variant, as well as taking advantage of dynamin-1-KO mice. In the requisite shRNA-treated CGNs from WT mice, the average levels of dynamin 1, 2, and 3 were significantly reduced compared with the untreated controls (Fig. 4B) . Each isoform was selectively reduced without any alternation in the others ( Supplemental Fig. S2A) ; also, no change was seen in a negative control treated with nontargeted lentiviral particles (Supplemental Fig. S2B ). The detection of 2 immunoreactive bands for dynamin 2 in CGNs (Supplemental Fig. S2A ) might reflect the expression of splice variants, as reported previously (38, 39) , but this notion was not pursued here. KD of dynamin 1, 2, and 3 reached ϳ94, ϳ66, and ϳ76%, which was accompanied by inhibition of EA uptake and cleavage of SNAP-25 by ϳ42, ϳ55, and ϳ21% (Fig. 4B) . Thus, all 3 dynamins contribute to the endocytosis of EA, although to dissimilar extents. Likewise, CGNs from dynamin-1-KO mice showed a substantial reduction (ϳ48%) of EA uptake relative to WT (Fig. 4C and Supplemental  Fig. S2C ), approximating to the value obtained by dynamin 1 KD (Fig. 4B) . Secondary KD of dynamin 2 (ϳ65%) in CGNs prepared from dynamin-1-KO mice resulted in an ϳ70% inhibition of activity-dependent uptake of EA relative to WT, equivalent to 22% additional blockade over the KO value ( Fig. 4C and Supplemental Fig. S2D ). This composite figure represents (A, B) or AP2␣2 (C, D) before 5 min exposure to EA in HK, followed by washing and 30 min incubation in basal medium before Western blotting. Decreases in the expression of each target protein and SNAP-25 proteolysis were monitored simultaneously using the requisite antibodies. E) TGNs were incubated with Pitstop 2 or its negative control for 5 min before their further incubation with EA for 10 min in HK. Neurons were then washed and incubated for 30 min in basal medium containing drug or its control before quantification of SNAP-25 cleavage. F) Decreased cleavage by EA in the presence of Pitstop 2 was calculated relative to that in toxin-treated cells exposed to the equivalent concentration of an inactive analog. Values are means Ϯ se; n ϭ 3. ␤-Tubulin III was probed as an internal control. Arrowheads and arrows indicate the intact and cleaved SNAP-25, respectively. incomplete additivity of the extents of inhibition of uptake in dynamin 1 KO or isoform 2 KD. Hence, these 2 isoforms seem to make separate but, also, some overlapping contributions to the stimulated endocytosis of EA. In contrast, ϳ60% KD of dynamin 3 in dynamin-1-KO CGNs failed to further reduce this EA uptake ( Fig. 4C and Supplemental Fig. S2E ).
Endocytosis of BoNT by peptidergic sensory neurons uses dynamin 2 and 3, but not 1
Three isoforms of dynamin were also detected in cultured TGNs (Fig. 4A) ; notably, the approximate ratios of dynamin 1, 2, and 3 between CGNs and TGNs were calculated to be ϳ6.0, 2.4, and 1.1, respectively. KD of dynamin 1 in TGNs was achieved without altering the levels of isoform 2 or 3 (Supplemental Fig. S3A ). Despite a KD of ϳ85%, this failed to exert any detectable effect (nϭ7) on activity-dependent EA endocytosis (Fig. 4D) . Likewise, KO of dynamin 1 caused no significant reduction of EA uptake (Supplemental Fig. S3B and Fig. 4D ). In contrast, substantial drops in SNAP-25 cleavage (ϳ43 and ϳ60%) resulted from the specific KD of dynamin 2 or 3 (Fig. 4D) , without affecting other isoforms ( Supplemental Fig. S3A) ; control viral particles failed to inhibit EA uptake (Supplemental Fig.  S3C ).
Differences in the dynamins participating in endocytotic processes exploited by BoNT to enter CGNs and TGNs also revealed by functional assays of the retrieval of vesicle proteins
Synaptotagmin I is a Ca 2ϩ sensor for exo/endocytosis (40) that is expressed on both SCSVs and LDCVs (32, 41) . It is known to undergo dynamin-and activitydependent endocytosis (42) . Syt-ecto is a useful probe for exo/endocytosis (43) . TGNs were exposed for 10 min to HK to elicit the transfer of synaptotagmin I to the plasmalemma and, thereby, enhance the binding of an Oyster 550-tagged Syt-ecto IgG. Accordingly, Syt-ecto brightly labeled TGNs under stimulated (Fig. 5A) but not basal conditions (Fig. 5B) . Subsequently, the stimulated cells were washed, fixed, and permeabilized before costaining with antibodies selective for dynamin isoforms. Imaging of the red fluorescence revealed punctate staining with Syt-ecto of neuronal fibers ( Fig.  5C-E) , reflective of areas of exo/endocytosis. Moreover, all the dynamins yielded a similar labeling pattern ( Fig. 5C-E) . Calculation of Pearson's correlation coefficients (Fig. 5F ) established colocalization of Syt-ecto with dynamin 2 and 3, implicating both in exo/endocytosis. In contrast, the poor spatial correspondence between Syt-ecto and dynamin 1 mitigates against its participation.
Advantage was taken of SypHluorin as a probe for real-time microscopic imaging of exo/endocytosis in live neurons (44) ; the intensity of the green fluorescent signal increases on exocytosis and becomes quenched when endocytosed into acidic compartments. In TGNs transfected with SypHluorin, HK triggered a robust increase of fluorescence above the baseline in LK, followed by a decay over ϳ150 s to background level (Fig. 5G) . The latter is attributable to trafficking into acidic endosomes because the loss of fluorescence was prevented by inhibiting the vH ϩ -ATPase pump with Baf A1 (unpublished results). In accord with the lack of inhibition of EA uptake by KO of dynamin 1 (cf. Figure  4D ), ablating this isoform did not delay fluorescence decay in TGNs (Fig. 5G) . A contrasting severe delay induced by dynasore of fluorescence quenching impli- Figure 4 . Activity-dependent endocytosis of EA utilizes dynamin 1 in CGNs but not TGNs: dynamin isoforms make distinct but overlapping contributions. A) Western blots of equivalent amounts of total cell lysate from CGNs and TGNs, with dynamin isoform-specific antibodies. SNAP-25 was probed as internal control. B) Mouse CGNs treated with or without shRNA specific for dynamin isoforms were incubated with 0.5 nM EA, for 5 min in HK, followed by washout and incubation in fresh basal medium for 30 min. KD of each isoform and reduction of SNAP-25 cleavage by EA relative to control were calculated (see Materials and Methods). C) CGNs from the dynamin-1-KO mice showed a reduced level of stimulated EA uptake. KD of isoform 2 further decreased EA entry into dynamin-1-KO CGNs, whereas no significant change was observed with KD of isoform 3. D) In TGNs, neither KD nor KO of dynamin 1 significantly reduced stimulated EA uptake, whereas KD of either isoform 2 or 3 reduced EA endocytosis but to different extents. Data represent means Ϯ se; n values are plotted. Representative Western blots for above are shown in Supplemental Fig. S2 (CGNs) and S3 (TGNs). N.S., nonsignificant (PϾ0.05). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
cates dynamin 2 and 3 in the endocytosis of SypHluorin (Fig. 5G) . In SypHluorin-expressing CGNs, stimulation evoked a similar rise in fluorescence, but the decay profile was somewhat different; there was a faster initial decline in the fluorescence followed by a small peak (Fig. 5H) . Thus, CGNs apparently exhibit a fast phase of endocytosis that was not seen in TGNs. Notably, KO of dynamin 1 delayed or slowed decay of the fluorescence of SypHluorin (Fig. 5H) ; presumably, isoform 1 mediates the fast phase of endocytosis, while isoforms 2 and 3 support the slower retrieval, a notion supported by the more extensive delay in cells exposed to dynasore (Fig. 5H) .
Distinct utilization of Amph1 and 2 for evoked entry of BoNT into CGNs and TGNs
Amph1 and 2 are present in CGNs, but TGNs contain only isoform 1, which is required for toxin internalization and colocalizes with dynamin 2
On neuronal stimulation, dynamins are recruited to endocytotic sites via binding to Amphs (45, 46) ; thus, the presence of the latter was sought in both neuron types. Western blotting with antibodies selective for Amph1 or 2 revealed that CGNs contain each but only isoform 1 could be detected in TGNs (Fig. 6A) . Substantial KD (ϳ75%) of Amph1 in CGNs did not reduce the evoked EA uptake, as shown by a failure to inhibit SNAP-25 cleavage (Fig. 6B) ; as it proved impractical to KD isoform 2, its contribution to toxin uptake could not be established directly. In the case of TGNs, KD of Amph1 was incomplete (ϳ55% reduction) but still resulted in a significant decrease in evoked uptake of EA (by ϳ30%; Pϭ0.006 compared with control; Fig.  6B ). Accordingly, stimulation of TGNs followed by fixation, permeabilization, and incubation with the requisite antibodies resulted in labeling of Amph1 in cell bodies and fibers (Fig. 6C, D) . Counterstaining with dynamin isoform-specific monoclonal IgGs (Fig. 6C, D) visualized predominant colocalization of Amph1 with dynamin 2, quantified by use of Pearson's correlation coefficient (Fig. 6E, F) . Such colocation extends the evidence for this pair of proteins contributing to endocytosis.
Both Amph isoforms in CGNs interact with all the dynamins, whereas in TGNs, Amph1 associates with dynamin 2 and 3, consistent with their proximities observed in situ
In stimulated CGNs, the 3 dynamins were shown to complex with both Amphs by immunoisolation on immobilized antibodies specific for each dynamin (Fig. 7A) ; Figure 5 . Dynamin 1, unlike other variants, does not colocalize with Syt-ecto in HK-stimulated TGNs, and is not required for evoked SypHluorin endocytosis, in contrast to CGNs. A, B) Rat TGNs were incubated with Syt-ecto for 10 min in HK (A) or LK (B) before washing and fixation. Confocal images show that Syt-ecto brightly labeled the stimulated (A) but not the nonstimulated neurites (B). C-E) Rat TGNs were pretreated with Syt-ecto for 10 min in HK before washing, fixation, permeabilization and incubation with dynamin antibodies. Representative images show that dynamin 1 (C, green) displayed minimal codistribution with Syt-ecto (C, red) on the neurites, in contrast to the striking colocalization with Syt-ecto (yellow) observed for dynamin 2 (D, green) and 3 (E, green). Scale bars ϭ 5 m. F) Pearson's correlation coefficient analysis was used to compare the colocalization level of dynamin isoforms with Syt-ecto; bars are means Ϯ se; n Ն 3 independent cultures. G, H) Fluorescence changes in arbitrary units (F-F 0 ) induced by K ϩ -stimulation of SypHluorin-expressing TGNs from WT or dynamin-1-KO mice (G) or CGNs (H) in the absence or presence of dynasore. HK was added at ϳ30 s, as indicated by arrows. Values are means Ϯ se; n indicates the number of cells recorded from Ն4 independent cultures. ***P Ͻ 0.001. selectivity of these associations was established by the lack of reactivity with nonimmune IgG. In accordance with the above-noted colocation of Amph1 and dynamin 2 in TGNs, these 2 proteins were found in complexes by their coisolation from extracts of the cultures, using dynamin isoform-specific IgGs prebound to protein A agarose. Western blotting showed that Amph1 interacts only with dynamin 2 and 3 (Fig.  7B) ; this might be partly due to the relative lower expression level of dynamin 1 in TGNs (Fig. 4A) . As expected, isolation with dynamin antibodies failed to copurify Amph2 (Fig. 7B) . This highlights another difference between exo/endocytosis in these sensory neurons containing LDCVs and CGNs possessing SCSVs, namely the former utilize Amph1-dynamin 2 or 3 complexes, unlike the latter in which their 3 dynamins associate with both Amph isoforms.
Evidence was accrued for these 2 proteins actually being adjacent inside neurons, using a sensitive and specific PLA. This utilizes a pair of antibodies, each having a complementary oligonucleotide attached. Only when the 2 IgGs bind to epitopes within 40 nm can the nucleotides be ligated to facilitate amplification; in situ visualization is achieved by labeling with fluor-tagged cDNA probes (47) . It was advantageous to use neurons from Thy1-YFP mice (48) for background visualization of the neurons. In stimulated and subsequently permeabilized CGNs, probing for Amph1 and dynamin 1 or 2 yielded several fluorescent spots (average 15 on each) on the cell bodies (Fig. 7C) ; no significant difference existed between the number of signals seen when Amph1 was paired with dynamin 1 or 2 (Fig. 7D) . Equivalent images were recorded for neurites (not shown). Labeling of TGNs for Amph1 (the isoform therein, see above) and dynamin 2 yielded a number of red spots in the neurites and soma (average 13/cell body; Fig. 7E1, E3, F) ; these were absent from controls lacking the dynamin (Fig. 7E2 ) or Amph1 antibody (not shown). In contrast, very few spots (Ͻ1/ soma) resulted from labeling with IgG specific for dynamin 1 paired with that for Amph1 (Fig. 7E4, F) . This established that Amph1 resides in proximity to dynamin 2, but not 1, in TGNs.
In summary, the Amphs and dynamins participating in stimulated, clathrin-mediated endocytosis of BoNT by sensory peptidergic TGNs have been identified, and use of distinct isoforms by CGNs revealed; dynamin 1 is required for the faster retrieval of SCSVs. 
DISCUSSION
Substantial basal internalization of BoNT occurs in CGNs and TGNs involving protein acceptors and passage through acidic compartments but not dynamins
The discovery that synaptic vesicle proteins (in conjunction with gangliosides) serve as high-affinity acceptors for BoNTs (7, 13, 49) focused research on their activity-dependent uptake into nerves. In contrast, nonstimulated internalization of these proteins has received little attention but should not be disregarded (50) . It has long been known that 125 I-labeled BoNT/A binds saturably to the presynaptic membrane of motor nerves in the absence of stimulation or extracellular Ca 2ϩ , when azide is included to block its uptake (51) . Moreover, the basal entry of toxin represents a substantial fraction (more than half) of the stimulated value in motor nerves (18) and was found herein to have slower onset than depolarization-elicited internalization of chimera EA in cultured CGNs. This may have consequences for both BoNT pathology and therapy (e.g., by enabling at least some uptake into relatively quiescent nerves). The demonstrated requirement of binding of BoNT EA and /B to protein acceptors (SV2 and synaptotagmin, respectively) accords with acceptor-mediated internalization of radioiodinated BoNT/A and /B into motor nerve endings, as revealed by electron microscopy autoradiography (16, 51) . Gangliosides act as coacceptors for BoNTs (7, 13, 49) ; inhibition of their synthesis prevents entry of BoNT/A into resting Neuro 2a or SK-N-SH cells (52) . Consistent with our findings on motor nerve endings, briefly exposing TGNs or CGNs to BoNT/A or EA under resting conditions resulted in considerable (15-30%) cleavage of SNAP-25 after 5 h postincubation (cf. Fig. 1) . The ability of a vH ϩ -ATPase inhibitor to prevent the latter/cytosolic translocation demonstrates involvement of an acidic compartment, implying trafficking via membrane-limiting organelles. Hence, SNAP-25 cleavage in resting neurons cannot be attributed to passive diffusion into any lysed cells, if present. Curiously, the basal uptake was not found to require dynamins even though they participate in the major endocytotic pathways mediated by clathrin or caveolae (35, 36) . The latter are excluded due to being absent from neurons (35) . Also, nonparticipation of clathrin was indicated by K ϩ -depletion, which disrupts its assembly into coated pits, failing to exert any inhibition (unpublished results). Few other modes of internalization fulfill the criteria identified herein for basal toxin uptake by neurons, except, for example, dynamin-and clathrin-independent carriers or was performed using dynamin isoform-selective antibodies preabsorbed to protein A agarose beads. Isoformspecific antibodies were employed to detect Amph1 and Amph2 by Western blotting. Notably, Amph1 precipitated with dynamin 2 and 3 in TGNs, whereas Amph1 and Amph2 both sedimented with all 3 dynamins in CGNs. An aliquot (10%) of input and unbound fractions from dynamin 1 antibody-protein A beads and eluate (50%) were subjected to Western blotting. Intensities of the bands were calculated using ImageJ; coimmunoprecipitation efficiency estimated for dynamin 1/Amph1 was ϳ8%, and dynamin 1/Amph2, ϳ10%, in CGNs. C) PLA shows that both dynamin 1 and dynamin 2 reside in proximity to Amph1 in CGNs. D) Positive signals for dynamin 1 and 2 with Amph1, calculated from the number of red spots on each cell body from 20 randomly selected CGNs, showed no significant difference in Students' t test. E) Dynamin 2 (E1, E3), in contrast to dynamin 1 (E4), was visualized in proximity to Amph1 in TGNs using the in situ PLA. E2 represents the negative control in the absence of dynamin antibody. F) Discrete images of PLA in cell bodies of TGNs were counted and analyzed as outlined above for CGNs. Data show a significant difference between the levels of dynamin 1/Amph1 and dynamin 2/Amph1 interaction (PϽ0.001) in Students' t test. Arrows (C, E) exemplify positive fluorescent spots. Scale bars ϭ 5 m. Data are means Ϯ se from Ն3 separate experiments (D, F). ***P Ͻ 0.001. macropinocytosis (53) . In this context, it is notable that there is convincing evidence for a dynaminindependent process in hippocampal organotypic slice cultures from FM dye and membrane capacitance measurements (54) . Moreover, these authors showed that dynamin-independent and -dependent membrane recycling are independent processes linked to spontaneous and evoked exocytosis, respectively, similar to our findings with BoNT. The GM 1 ganglioside-binding B subunit of cholera toxin can also avail of dynamin-independent endocytosis in caveolin-1 null and WT mouse embryonic fibroblasts (55) .
Activity/clathrin/Amph/dynamin-dependent endocytotic internalization of BoNTs into glutamatergic CGNs and peptidergic neurons
The increment in BoNT uptake induced in both cell types by depolarization was not due to a simple enhancement of the basal process but, rather, the triggering of an additional entry mode. This increases the toxin susceptibility of active nerves and, thereby, contributes to the preferential paralysis of motor nerves that underlies the pathogenic mechanism of botulism. Furthermore, such augmented entry of BoNT into the abnormal hyperactive nerves improves the clinical efficacy of BoNT injected locally (56) . In relation to this, the elevated expression of neuronal SV2 in tissue biopsies from patients suffering with painful conditions (57) should contribute to the antinociceptive efficacy of Botox administered into the affected areas. Although BoNTs may initially bind with low affinity to gangliosides abundant on neurons, stimulation brings more synaptic vesicle protein acceptors to the surface by exocytosis. A resultant increase in high-affinity association with the dual acceptors enables the toxin to move into a faster endocytotic pathway (reviewed in ref. 58) . In this context, it is noteworthy that SV2 isoforms contain tyrosine-based motifs that stimulate binding to AP2 (23, 59) ; this would then recruit the latter protein into clathrin-mediated endocytosis. Moreover, SV2 binds directly to Amphs (59); their interaction with clathrin, AP2, and dynamins would bring the acceptor with bound toxin to the CCPs for internalization, as recently observed with gold-conjugated binding domain of BoNT/A (22) . Our collective data represent the first direct demonstration, by KD and/or KO, of the neuronal uptake and cytosolic translocation of BoNT by activity/clathrin/Amph/ dynamin-dependent endocytosis. This process shares the initial path of vesicle recycling to acidic organelles, but the protease of toxin diverges from there by translocating into the cytosol to cleave its SNARE target, whereas the vesicular compartments continue in their own routes. Even though this process would exploit the direct retrieval of exocytosed vesicle proteins from the plasmalemma of CGNs, these might also be recovered indirectly via activity-dependent bulk endocytosis (ADBE), as inferred from the accumulation of membrane-associating dyes (60, 61) . Although the earlier stages of ADBE do not require clathrin, and the initial endosomes involved do not acidify (60, 62) , synaptic vesicles are eventually formed (and, presumably, do acidify) by budding later from the endosomes in a clathrin-dependent step (63) . Thus, it is possible that some toxin may enter CGNs via ADBE, although the monitoring of SNAP-25 cleavage used in our study precluded this question being addressed directly. As ADBE has an absolute requirement for dynamin 1 (61, 64) , it cannot be involved in toxin uptake into TGNs, because KO of this isoform failed to inhibit the entry of EA. Even in CGNs, ADBE could make only, at best, a minor contribution, because the KD of AP2␣2 virtually abolished EA entry, whereas ADBE requires AP1 and AP3 but not AP2 (65) (66) (67) . In this context, it is notable that the BoNT/A acceptor SV2 contains 2 AP2 binding motifs, whereas AP1 and AP3 have been reported to display less association with SV2A residues 1-163 (59).
Distinct isoforms of dynamin and Amph in neurons containing SCSVs or LDCVs mediate activitydependent endocytosis and contribute to the different time-courses
Isoform-specific KO or KD revealed the preferential utilization of dynamins in activity-dependent BoNT entry, with a rank order of 1 Ϸ 2 Ͼ 3 in CGNs compared with 3 Ͼ 2 Ͼ Ͼ 1 in TGNs. Ablation by either method of dynamin 1 reduced (ϳ50%) evoked BoNT uptake into CGNs, with the remainder being afforded by dynamin 2 and 3, because inhibiting all the isoforms with dynasore blocked the evoked entry completely. This conclusion is supported by dynasore causing a more extensive delay in the quenching of SypHluorin than KO of dynamin 1. Indeed, KO of dynamin 1 merely slowed the decrease in fluorescence, in accord with isoform 1 being required for the initial fast phase of endocytosis in cortical neurons (42) . In contrast, the retrieval of SypHluorin in TGNs was unaffected by the ablation of dynamin 1, consistent with the demonstrated lack of its recruitment to sites of synaptotagmin recycling visualized with Syt-ecto. Although the reasons for lack of recruitment of dynamin 1 to the plasma membrane in TGNs remain unresolved, speculative explanations include absence of its stimulated dephosphorylation (68) and/or alternative splicing in these cells (21) . Presumably, the dynamin 1 in TGNs could be involved in other vesicle fission processes unrelated to endocytosis e.g., formation of Golgi-derived vesicles, as suggested for dynamin 2 in non-neuronal cells (69) . In view of this lack of involvement of dynamin 1, the significant delay in SypHluorin endocytosis caused by dynasore implicates dynamin 2 and 3; this deduction is strengthened by their observed colocalization with Syt-ecto. It is noteworthy that the func-tional importance of dynamin 2 for the slower mode of evoked endocytosis in both CGNs and TGNs concurs with the slow residual compensatory endocytosis reported for cortical neurons from dynamin 1 and 3 double-KO mice (70) . Interestingly, overexpression in cultured motor neurons of a dominantnegative mutant of dynamin 2 (K44A) blocked the endocytosis of a binding fragment from tetanus toxin, a protein closely related to BoNTs (71) . Such utilization of distinct dynamins, as proposed for chromaffin cells (72) , could arise from differential activation of the requisite isoforms by the dissimilar localized [Ca 2ϩ ] i required for the exocytosis of SCSVs and LDCVs (73) . In this scenario, the Ca 2 requirements for activation of dynamins may underlie the observed absence of their involvement in the basal uptake of BoNT.
In terms of other proteins that mediate endocytosis via association with dynamins, it was intriguing to find the sole presence of Amph1 in TGNs, in contrast to both Amph1 and Amph2 in CGNs. In TGNs, KD of Amph1 demonstrated its requirement for evoked BoNT uptake, consistent with it residing close to dynamin 2 and being associated with isoforms 2 and 3 in an extract of these cells. A different situation was found for CGNs because KD of isoform 1 failed to alter the evoked uptake of BoNT, despite its proximity to dynamin 1 and 2 in situ and immunoisolation with all 3 dynamins. The most likely interpretation of these findings is that isoform 2 can compensate for the absence of isoform 1.
Finally, it is reasonable to deduce that the utilization of distinct isoforms of dynamin and Amph by central and sensory neurons facilitates the respective fast and slow retrieval of SCSV and LDCV constituents needed for their disparate biogenesis and trafficking. This, in turn, could contribute to the greater susceptibility to BoNTs of CGNs (or others) that release fast-acting neurotransmitters than TGNs (and various sensory neurons), which more slowly secrete modulatory peptides.
